ABSTRACT The ultrastructure and characteristics of hemocytes of argasid tick species, Ornithodoros moubata, during the ecdysdial phase are herein presented. Hemocyte classes/populations characterized based on their afÞnity with Giemsa stain and ultrastructural differences comprised the prohemocytes, nongranular cells (Nc), eosinophilic granular cells (Ec), basophilic granular cells (Bc), and unidentiÞed cells. SigniÞcant changes/shift in the ratio of hemocyte classes/population was apparent in ticks before and after the ecdysial phase. The granule-scant basophilic granular cells (sBc) constituted the most abundant hemocyte population in the ecdysial phase. Nymphs in ecdysis showed increases in Nc and sBc and decrease in Ec, a phenomenon that was reversed in unengorged nymphs and adults ticks. The signiÞcant increase in total Bc population in ecdysis relative to nonengorged ticks clearly point to blastogenesis of Bc taking place during the ecdysial phase and BcÕs important role in the process of tissue remodeling.
IDENTIFICATION OF HEMOCYTES IS essential to understand hemocyte-mediated immune responses in invertebrates. Hemocytes are identiÞed on the basis of their morphology, ultrastructure, and physiological function (Jones 1962 , Brehelin and Zachary 1986 , Lackie 1988 . The ultrastructure of hemocytes in some tick species is known (Brinton and Burgdorfer 1971 , Amosova 1983 , El Shoura 1989 , Kuhn and Haug 1994 , Zhioua et al. 1996 . At least two types of phagocytic cells in ticks, the plasmatocytes and granulocytes (ϭspherule cells), have been reported (Dolp 1970 , Fujisaki et al. 1975 , Kuhn and Haug, 1994 , Zhioua et al. 1996 , Inoue et al. 2001 ). To our knowledge, however, there are no reports on the morphology of tick hemocytes during the ecdysial phase.
In insects, hemocytes play a crucial role during the ecdysial phase when dramatic tissue remodeling takes place (Nardi et al. 1985 , Rheuben 1992 . The production of phenol oxidase (PO) or pro-PO has been documented in oenocytoids in Pseudoplusia includens (Pech et al. 1994 ) and granular cells in Anopheles albimanus (Salvador et al. 1999) . We had earlier reported the existence of PO in the hemolymph of the argasid tick, Ornithodoros moubata, during the ecdysial phase, suggesting the importance of PO during ecdysis (Kadota et al. 2002) . Considering the importance of O. moubata as an important vector of several infectious agents causing diseases of public importance (Hoogstraal 1985) and the role/function of hemocytes as immunocytes rather than nutritive during the ecdysial stage (Gupta 1991) , we sought to clarify the morphological and populational characteristics of the hemocytes of the fourth-instar nymphs of O. moubata during the ecdysial phase.
Materials and Methods
Tick Rearing. Synchronously molting fourth-instar nymphs (N4) and male (M) and female (F) adults of O. moubata were allowed to feed on rabbits. Because Ϸ70% of the N4 molted around the 10th day postengorgement (pE10) (Kadota et al. 2002) , hemolymph from the N4 was extracted on the sixth day postengorgement (N4pE6). Hemolymph samples were also obtained from the N4 and unengorged M and F adult ticks. Ticks used were kept in an incubator at 27ЊC, with 50 Ð 60% RH and continuous darkness.
Preparation of Hemocyte Samples for Light Microscopy. Hemolymph from the coxal-trochanteral tick joints was drawn into capillary tubes (Fujisaki et al. 1975 , Inoue et al. 2001 containing 100 l of phosphate-buffered saline (PBS), on ice. Hemocytes were obtained using a cytocentrifuge (Shandon Southern, Pittsburgh, PA) at 28 ϫ g for 5 min; air-dried and Þxed in BouinÕs ßuid (prepared using saturated aqueous picric acid solution, 100% formaldehyde, and glacial acetic acid at proportions 15:5:1); dried and postÞxed in methanol; and stained with Giemsa solution.
Hemolymph Processing for Transmission Electron Microscopy. Hemolymph was Þxed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) and postÞxed in 2% osmium tetroxide containing 0.8% sodium hexacyanoferrate with 2% sucrose, for transmission electron microscopy (TEM). The Þxed samples were centrifuged at 1,000 ϫ g for 5 min, and the pelleted cells were embedded in molten 3.5% puriÞed agar, which was then cooled to solidify. Small blocks of agar were washed three times with cacodylate buffer, dehydrated in a graded series of ethanol, and embedded in epon resin. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a HITACHI 7500 TEM (HITACHI, Tokyo, Japan).
Hemocyte Classification and Comparison of Classes/Population of Hemocytes Between Developmental Stages. With the aid of light and TEM, hemocytes were classiÞed as follows: (1) prohemocytes (Ph), with high nucleus-cytoplasmic ratio; (2) nongranular cells (Nc), with low nucleo-cytoplasmic ratio and without granules; (3) eosinophilic granular cells (Ec), with eosinophilic granules; (4) basophilic granular cells (Bc), with basophilic granules and subclassiÞed as granule-scant-Bc (sBc) and granule-rich-Bc (rBc); and (5) unidentiÞed cells (Uc), with large nucleus and unstained cytoplasm.
The ratio of hemocyte population per class/type was compared between unengorged N4, M and F adult ticks, and N4pE6. Approximately 500 hemocytes per class/type were counted in three different Giemsastained cytospin cell samples pooled from one to four ticks.
Statistical Analysis. StudentÕs t-test was used to analyze the signiÞcant differences in mean percentages of hemocyte classes between engorged and unengorged ticks at P Ͻ 0.001.
Results
Light Microscopic Observations. Light microscopic examination of hemocytes of O. moubata during the ecdysial phase (N4pE6), Þxed in BouinÕs ßuid and stained with Giemsa solution, revealed distinct hemocyte populations, namely Ph showing high nucleocytoplasmic ratio (Fig. 1a) ; spherical Nc with low nucleo-cytoplamic ratio (Fig. 1b) ; EcÕs that appeared polymorphic with numerous eosinophilic granules showing small dark core inclusions (Fig. 1c) ; Bc containing prominent and large basophilic granules varying in density between 1Ð12 (sBc) and 15Ð20 (rBc) granules per cell (Fig. 1d) . Large hemocytes that stained weakly with Giemsa and exhibited large nucleus were labeled as Uc (Fig. 1e) . Comparison of cell type population ratio showed Bc as the most abundant hemocyte (65%), followed by Nc and Ec at 15% each. Ph accounted for only 2Ð3% of the hemocyte population.
Hemocyte Ultrastructure. The ultrastructure of hemocytes of N4pE6 is shown in Figs. 2 and 3, and their characteristics are summarized in Table 1 . PhÕs appeared as small spherical cells with high nucleo-cytoplasmic ratio, prominent rough endoplasmic reticulum (RER) network, and numerous mitochondria (Mi) (Fig. 2a) . NcÕs have an off-centered nucleus with peripheral chromatin material and extensive RER in close association with the plasma membrane bearing Þlopodia (Fig. 2b) . EcÕs are polymorphic with numerous smaller electron dense granules compared with granules of Bc; they have prominent thick ectoplasm bearing numerous membrane outpocketings in the form of pseudopodia; and they have RER, Mi, ribosomes, and glycogen (Fig. 2c ). EcÕs were often observed in clusters of two or more cells (Fig. 2d) . The overwhelmingly abundant round-shaped BcÕs measured 9.5Ð12.5 m and exhibited differences in the cellsÕ stage of development and maturation. Young BcÕs have fewer lamellate granules but have extensive RER, numerous organelles such as Mi, Golgi bodies, vacuoles, lysosomes, and Þlopodia (Fig. 3a) . Mature BcÕs appeared bloated, with increased density of large granular inclusions (2.5Ð5.75 m) tending toward the cellÕs membrane (Fig. 3b) . Some granules contained an electron-lucent core. Some cells, presumably older BcÕs, appeared shrunken and degranulated (Fig. 3c) .
The mean percentages (M%) of hemocyte classes identiÞed are presented in Table 2 . Basophilic granular cells comprised the most numerous hemocytes in nymphs and adults in both sexes. Mean percentage of PhÕs and NcÕs were highest in N4pE6 (i.e., in the ecdysial phase) relative to the nonengorged N4 and adult ticks. The Nc population ranged between 0.6 and 15.9%, and during the ecdysial phase (N4pE6), the increase in NcÕs represented a Ͼ19.8-fold increase (t ϭ 4.47; df ϭ 4; P Ͻ 0.001). The mean percentage of EcÕs recorded during the ecdysial phase was 0.7-fold lower compared with the unengorged ticks. BcÕs constituted the most abundant class of hemocytes in both unengorged and engorged ticks, ranging between 64.5 and 75.0%. Interestingly, we noted signiÞcant differences in mean percentages between sBcÕs and rBcÕs in nymphs and adults ticks. The unengorged N4 and adults showed a signiÞcantly higher ratio of rBcÕs rel- ative to the population ratio of sBcÕs. Engorged N4pE4Õs showed a signiÞcantly lower population ratio of rBcÕs compared with sBcÕs (t ϭ 11.10; df ϭ 4; P Ͻ 0.001). During the ecdysial phase, sBcÕs constituted the most abundant hemocyte population, followed by similar ratios of NcÕs and EcÕs.
Discussion
Several earlier studies on the ultrastructure of hemocytes in unengorged and engorged ticks have described three types of cells, namely PhÕs, plasmatocytes, and granulocytes in O. erraticus larvae (El Shoura 1989); Argas arboreus and A. perisicus (Dolp 1970 , El Shoura 1986 ; Hyalomma anatolicum excavatum and H. dromedarii (Dolp 1970 , Amosova 1983 ; Ixodes ricinus and I. scapularis (Kuhn and Haug 1994, Zhioua et al. 1996) ; and Dermacentor andersoni (Brinton and Burgdorfer 1971, Sonenshine 1991) . Table 3 summarizes the highlights of these studies.
While we observed similarities in the ultrastructure of hemocytes of O. moubata with those classes described earlier in several tick species (Table 3) , we also noted certain ambiguities in hemocyte morphological characteristics that convinced us to adopt a classiÞcation scheme based on the staining afÞnity of (Zhioua et al. 1996) , and D. andersoni.
Immature/young BcÕs with distinct Þlipodia, lysosomes, and endocytic vacuolar inclusions exhibited morphological characteristics similar to plasmatocytes, hemocytes that are generally nongranular but contain peripheral membrane-bound vacuoles varying in density depending on their developmental stage and are capable of endocytic activity (Dolp 1970 , Zhioua et al. 1996 and granulocytes of other tick species (Eggenberger et al. 1990 , Kuhn and Haug 1994 , Zhioua et al. 1996 , Inoue et al. 2001 . Mature BcÕs of O. moubata mirror type I granulocytes of I. scapularis (Zhioua et al. 1996) and granulocytes of A. arboreus (El Shoura 1986) . Having to work with a vast population of hemocytes differing in stages of development and maturation, we have not discounted the possibility of having missed hemocytes that may have both electron dense and lamellate granules, as in the case of A. arboreus (El Shoura 1986) .
We chose to group hemocytes of O. moubata based on their staining afÞnity with Giemsa and their ultrastructural differences, a classiÞcation scheme that we consider more practical than others, although it deviates somewhat from the generally accepted and conventional grouping of insect and tick hemocytes into prohemocytes, plasmatocytes, and granulocytes. Following the conventional system of hemocyte nomenclature in O. moubata, we recognized two of the three classes of hemocytes: the prohemocytes and granulocytes. Whether the NcÕs and EcÕs in O. moubata are the equivalent to plasmatocytes or young/immature/developmental forms of granulocytes described in several insect and tick species (Chain et al. 1992 , Mullet et al. 1993a , b, Willott et al. 1994 , Strand and Johnson 1996 , Gardiner and Strand 1999 is something that needed to be clariÞed. Considering the pleomorphic nature and overlap in morphological characteristics of tick hemocytes, the use of appropriate morphological molecular markers in future follow-up studies would help clarify certain unambiguouities.
We observed changes in populations of hemocytes in engorged (N4pE6) and nonengorged N4 and adult F and M O. moubata. N4pE6 showed increases in NcÕs and sBcÕs and corresponding decreases in EcÕs and rBcÕs, a phenomenon that was reversed in N4 and adult ticks. Based on our observations of Giemsastained BcÕs and their ultrastructure, the sBc population seems to the represent pro-morphotype of rBcÕs. The signiÞcant increase in the sBc population relative to unengorged ticks clearly points to Bc blastogenesis taking place during the ecdysial phase and the important role in the process of tissue remodeling. Worth noting is the signiÞcant decrease in the Ec population during the ecdysial phase, suggestive of the reduced importance of EcÕs as phagocytic cells during this phase of tissue reconstruction. In view of the Þndings in this paper, it would be interesting to study the molecular mechanism(s) of hemocyte activation in O. moubata during the ecdysial phase. eF, engorged female; Com, common; Infr.in, frequent; rou, round; sphe, spherical; ovo, ovoid; spin, spindle; poly, polymolphic; Þlo, Þlopodia; pseu, pseudopodia; lopo, lopopodia; e.d., electron-dense granule; Þb, Þbrillar inclusion; spindle, spindle incursion; l.e.d., less e.d.; lam, lamellate granule; gr.-li, gray-light granule; dar.-li., dark-light granule; f, few; s, small; 1, El Shoura 1989; 2, El Shoura 1986; 3, Kuhn and Haug 1994; 4, Zhioua et al. 1996; 5, Brinton and Burgdorfer 1971. 
